The paper presents luminescence properties of platinum porphyrins embedded in ultrathin polymer Langmuir-Blodgett (LB) films (nanosheets). We prepared amphiphilic copolymer of platinum porphyrin with N-dodecylacrylamide (p(DDA/PtTPP)). The copolymer p(DDA/PtTPP) with 6mol% PtTPP content took a stable monolayer formation at the air-water interface. Luminescent p(DDA/PtTPP) nanosheets were successfully assembled on solid substrates by the vertical dipping method. The luminescence intensity as a function of the number of layers revealed that platinum-porphyrin is effectively quenched by molecular oxygen for multilayered p(DDA/PtTPP) nanosheets with more than ten layers. Atomic force microscopy revealed that the p(DDA/PtTPP) nanosheets had relatively rough surfaces, leading to high surface-tovolume ratio. The oxygen sensitive polymer nanosheet multilayers enables us to monitor dissolved oxygen concentration in water.
INTRODUCTION
Recent developments in nanoscience and nanotechnology have opened up a whole new field of research; multidisciplinary and interdisciplinary research. Top-down and bottom-up approaches provide exciting opportunities in physics, chemistry, biology, and engineering. There have been an increasing number of papers concerning application-oriented work; the topics have expanded in wide range of scientific and industrial fields and are extremely challenging.
In the past two decades, we have extensively studied preparation and functionalization of polymer Langmuir-Blodgett (LB) films in the area of polymer nanoarchitectures. [1] We have used mainly N-dodecylacrylamide as a comonomer because of its remarkable capability for polymer LB film formation. The monolayer is easily transferable on solid supports as Y-type LB films over 700 layers. [2] A diverse range of molecules have been successfully incorporated in ultrathin polymer films at the monolayer level: e.g., organometallic complexes, [3] aromatic hydrocarbons, [4] [5] [6] redox active groups, [7, 8] thermosensitive groups, [9] nonlinear optical active groups, [10] [11] [12] ferroelectric polymers, [13] and polyhedral oligomeric silsesquioxane. [14, 15] The ultrathin polymer films act as a nanoruler manipulating nanomaterials systematically with nanoscale precision. [12, 16] After demonstrating the versatility of acrylamide-based polymer LB films in terms of surface coating at the nanometer level, we designated polymer LB films as "polymer nanosheet". [17] We are interested in bottom-up design of polymer nanoassemblies with wide variety of nanomaterials. For example, we have demonstrated hybrid polymer nanoassemblies with metal nanoparticle arrays. [18] Metal nanoparticles provide many fascinating features and possibilities that are strongly related with localized surface plasmons (LSPs). Myriad studies dealing with fundamental concepts and application-oriented works such as optoelectronic devices, markers, and sensors have been reported. Indeed, plasmon-coupled sensors have been proposed and have come into practical use, particularly addressing propagating surface plasmons generated on ultrathin metal film surfaces. In our case, we have reported plasmon-enhanced luminescence of hybrid polymer nanoassemblies. Luminescence from ruthenium complexes or platinum porphyrins is enhanced effectively by localized surface plasmons generated from silver nanoparticles. [18] [19] [20] In terms of application-oriented aspects, luminescence enhancement is available for oxygen sensing. [20] Plasmon-enhanced luminescence from platinum porphyrins in hybrid polymer nanoassemblies is very sensitive to molecular oxygen even with less than 4 nm film thickness of polymer nanosheets.
The advantages of ultrathin sensor systems are their ease of use, remote placement, and high time-resolution. Ultrathin films offer fast response and high sensitivity because of the high surface-tovolume ratio. The disadvantages of the idea, however, include a lack of sufficient signal intensity to be monitored because of the absolutely small amount of luminophores, which suffers from a difficulty in gaining a sufficient signal-to-noise ratio. Plasmonenhanced luminescence is a promising approach to overcome this disadvantage, particularly for ultrathin sensor systems. [20] Herein we demonstrate a highly sensitive and effective luminescence oxygen sensor system based on multilayered polymer nanosheets with more than ten layers. We used amphiphilic copolymer of platinum porphyrin with N-dodecylacrylamide (p(DDA/PtTPP)).
Compared with the previous report in Ref. 20 , the mole content of PtTPP (6%) is twice as large as that of previous p(DDA/PtTPP). We found that platinum porphyrin was sensitive to molecular oxygen even for 50-layer p(DDA/PtTPP) nanosheets with 6% PtTPP content. The monolayer thickness for the p(DDA/PtTPP) nanosheet is ca. 1.7 nm. Luminescence performance for molecular oxygen is described for ultrathin but more than 80 nm-thick p(DDA/PtTPP) nanosheets. Another unique sensing system is also discussed in terms of dissolved oxygen in water.
EXPERIMENTAL SECTION

Materials
Synthesis of platinum porphyrin monomer, 5-[4-(2methacryloyloxyethoxycarbonyl)phenyl]-10, 15, 20triphenylporphinatoplatinum(II) (PtTPP) and N-dodecylacrylamide (DDA) was described in a previous report. [16, 21] The copolymer p(DDA/PtPPP) ( Figure 1 ) was prepared using free radical copolymerization of DDA and PtTPP in toluene at 60℃ for 12 h initiated by AIBN. The polymer was reprecipitated in the excess amount of acetonitrile. The PtTPP content was determined by 6 mol%, using UV spectroscopy, assuming that the mole extinction coefficient of PtTPP at 402 nm is 3.08×10 5 M -1 cm -1 . Copolymer of DDA with amino-terminated comonomer (DONH) was used to immobilize the silver nanoparticle. The molecular weight of p(DDA/PtTPP) was determined using GPC with a polystyrene standard: M n = 2.83×10 4 , M w = 9.02×10 4 , and M w /M n = 3.18.
Chloroform, acetone, and octyltrichlorosilane (LS-2190; Shin-Etsu Chemical Co. Ltd.) were purchased and used without further purification.
Preparation of Polymer LB Films
Measurements of surface pressure-area (π-A) isotherms and the LB film deposition were performed using an automated Langmuir trough with a Wilhelmy type film balance (HBM-AP; Kyowa Interface Science Co. Ltd.). A chloroform solution (ca. 1×10 -3 mol/l) of p(DDA/PtTPP) was spread onto the water surface, which was purified using a CPW-101 system (Advantec MFS, Inc.). Quartz and silicon slides used for the LB film deposition were cleaned in a chemical detergent solution and rinsed with copious amounts of deionized water, then treated with a UV-O 3 cleaner, yielding hydrophilic surfaces. Slides were made hydrophobic with octyltrichlorosilane in chloroform. The LB film deposition of p(DDA/PtTPP) was done at the surface pressure and temperature of 35 mN/m and 15℃.
Measurements
The luminescence spectra of p(DDA/PtTPP) nanosheets were measured using a fluorospectrophotometer (F-4500; Hitachi Ltd.). A sample was placed in an in-house cuvette made of quartz to regulate oxygen concentration. The fluorescence spectra of p(DDA/ PtPPP) were detected varying the mixing ratio of argon and oxygen through a portable gas mixture device (PMG-1; Kofloc). All measurements were conducted at room temperature.
RESULTS AND DISCUSSION
We chose platinum(II) porphyrin (PtTPP) as a luminophore for oxygen sensing. Platinum porphyrins have longer luminescence (phosphorescence) lifetimes (~100 µs) and the luminescence intensity is well known to depend strongly on surrounding oxygen concentration. [22] [23] [24] Figure 2 shows a surface pressure-area (π-A) isotherm of p(DDA/PtTPP). The curve shows steep rise as well as high collapse pressure (> 40 mN/m), indicating that p(DDA/PtTPP) takes a stable monolayer formation. In fact, the monolayer was successfully transferred onto solid substrates as a Y-type LB film with a transfer ratio of almost unity for both up and down strokes. The average molecular occupied surface area of the condensed monolayer of p(DDA/PtTPP) was estimated to be 0.31 nm 2 /monomer unit by extrapolating the steeply rising part of the π-A curve to zero pressure. We assumed that the average molecular occupied area was calculated from a CPK model for the copolymer of DDA (0.28 nm 2 , 0.94) and PtTPP units (2.06 nm 2 , 0.06). The experimental value (0.31 nm 2 ) implies that PtTPP moieties are oriented by 22.2° from the water surface normal (Figure 3) . The molecular orientation of porphyrin moieties at the air-water interface have been reported in previous reports; for example, zinc porphyrin moieties in pADA-Por took faceon orientation [25] ; metal-free porphyrin moieties have an out-ofplane orientation in poly(iBMA-co-AOTPP) monolayers [26] . In that sense, PtTPP takes a remarkably vertical orientation because of high compressibility modulus of DDA side chains. Figure 4 shows UV-VIS absorption spectra of p(DDA/PtTPP) nanosheets. A strong absorption band is seen at 403 nm because of the Soret band. Other absorption bands at 510 and 539 nm are attributed to Q-bands. The shape of absorption bands is resemble to that in chloroform solution. Moreover, the absorbance at 403 nm increases linearly with increasing the number of deposited layers (Inset, Figure 4 ). The result also reflects that the p(DDA/ PtTPP) nanosheets were transferred regularly on solid substrates. Interestingly no changes in the full width at half maximum (FWHM) value was observed in p(DDA/PtTPP) nanosheets ( Table  1 ). The value was obtained for the Soret band. We can conclude that PtTPPs are isolated to each other in polymer nanosheets to prevent from taking a stack formation such as J aggregation. Strictly speaking, the monolayer absorbance decreases gradually as the number of layers increases. Deterioration of the molecular orientation and film transfer might affect the film quality, though further investigation is needed. The surface morphology of p(DDA/PtTPP) was examined using atomic force microscopy (AFM). Figure 5 shows AFM images of p(DDA/PtTP) nanosheets with three different numbers of layers; 10, 20, and 50 layers. No remarkable difference in phase images was observed (data are not shown); PtTPP units are distributed uniformly in p(DDA/PtTPP) nanosheets. RMS values become larger and saturated as the number of layers increased: 3.99, 5.64, and 6.79 nm for 10-, 20-, and 50-layer p(DDA/PtTPP) nanosheets, respectively. These values are higher than that of pDDA (~1.0 nm), indicating that p(DDA/PtTPP) nanosheets involve disordered structures even with a low amount of bulky PtTPP units (6 mol%). However, this three-dimensional roughness is more suitable for oxygen sensing because the surface-to-volume ratio becomes higher. We will discuss this point later. The p(DDA/PtTPP) nanosheets have red emission around 660 nm (Figures 6(a)-6(c) ). The luminescence from multilayered p(DDA/PtTPP) nanosheets is very sensitive to molecular oxygen ( Figures 6(d) -6(e)); the luminescence intensity at 660 nm decreased drastically as the oxygen concentration increased. Figure 7 
Therein, K SV1 and K SV2 are Stern-Volmer constants, and f 1 and f 2 fraction (f 1 + f 2 =1). We assumed that K SV2 is negligible, because the first trials gave very small K SV2 values; the second term of the right denominator is independent of oxygen concentration. The f 2 value of 10-layer p(DDA/PtTPP) nanosheets is six times larger than that of the 50-layer p(DDA/PtTPP) film (Table 2) ; the value decreased as the number of p(DDA/PtTPP) layers increased. In other words, the f 2 component reflects film inhomogeneities in terms of luminescence quenching.
We also investigate luminescence properties of p(DDA/ PtTPP) nanosheets in water. Briefly, we used a plastic fiber as a luminescence probe. The tip of the plastic fiber was coated with p(DDA/PtTPP) nanosheets by vertical dipping at the same condition as mentioned in the experimental section. The fiber was immersed in a quartz cell filled with water. The dissolved oxygen concentration was controlled by bubbling the water at a certain oxygen concentration. The oxygen concentration was calibrated with a dissolved oxygen meter (SG6, Mettler-Toledo AG). A He-Cd laser beam (441.6 nm) was used as a light source. Figure 8 shows luminescence spectra of 50-layer p(DDA/PtTPP) nanosheets on the tip surface of the plastic fiber. The luminescence decreased as the oxygen concentration decreases (Figure 8 ). Figure 9 shows a Stern-Volmer plot of p(DDA/PtTPP) nanosheets in water. The plot shows a linear relation between I 0 /I and dissolved oxygen concentration, indicating that the p(DDA/PtTPP) multilayer is a good material for dissolved oxygen sensing. Although the oxygen concentration is rather limited, we believe the sensor system is available for wider dissolved oxygen concentration. The work is now in progress. The solid curve in Figure 3 (a) is fitting one: K SV is determined to be 0.75((mg/L) -1 ). This value also suggests that the present system is promising for dissolved oxygen sensing. The film's response is quick and reversible ( Figure 10 ). The luminescence intensity changes immediately by varying the dissolved oxygen concentration within 10 s. The luminescence from p(DDA/PtTPP) nanosheets is stable under 441.6 nm light irradiation. The changes in the luminescence intensity at 0 mg/ L was less than 2% after 50 min irradiation. The time response remains in the second range because of our less-developed technique using a gas flow system.
In conclusion, we have demonstrated that it is possible to obtain an multilayered sensor system based on luminescence; platinum porphyrin moieties, PtTPPs are very sensitive to molecular oxygen even they are embedded in multilayers. p(DDA/PtTPP) nanosheets with 6 mol% PtTPPs provide relatively rough surfaces, resulting in the good oxygen sensitivity even for 50-layer p(DDA/PtTPP) nanosheets. This finding suggests that the LB technique is effective for creating ultrathin sensor systems. We also demonstrated luminescence sensing for dissolved oxygen in water using a fiber sensing system. The data are preliminary results, however, we believe nanoscale film design using ultrathin polymer films is promising for high-sensitive sensor applications.
